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Genome-wide distribution of DNA replication origins
at A+T-rich islands in Schizosaccharomyces pombe
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Genome-wide analysis of replication dynamics requires the pre-
vious identification of DNA replication origins (ORIs).
However, variability among the ORIs makes it difficult to pre-
dict their distribution across the genome on the basis of their
sequence. We report here that ORIs in Schizosaccharomyces
pombe coincide with discrete chromosomal A+T-rich islands of
up to 1 kb long that are characterized by a distinctive A+T con-
tent that clearly differentiates them from the rest of the
genome. Genome-wide analysis has enabled us to identify 384
of these regions, which predicts the position of most ORIs in the
genome, as shown by functional replication analyses. A+T-rich
islands occur at the mating locus, centromeres and subtelomeric
regions at a density that is approximately fourfold higher than
elsewhere in the genome, which suggests a link between the ori-
gin recognition complex (ORC) and transcriptional silencing in
these regions. The absence of consensus elements in A+T-rich
islands implies that different sequences can target the ORC to
different ORIs.
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INTRODUCTION

Eukaryotic DNA replication origins (ORIs) have been identified in
a variety of organisms including fungi, insects and mammals, and
they have been well characterized biochemically and genetically
in the yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe. In S. cerevisiae, ORI regions span less than 150 bp and
contain one or several copies of an 11-bp autonomous replicating
sequence (ARS) consensus (Broach et al., 1983; Newlon & Theis,
1993), which is essential for binding of the origin recognition
complex (ORC). In addition, ORIs contain three or four partially
redundant auxiliary elements the sequence and distribution of
which varies between them (Theis & Newlon, 1997, 2001). Two
recent approaches based on chromatin immunoprecipitation and
density labelling of replication intermediates have predicted the
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distribution of approximately 400 putative ORIs in S. cerevisiae
(Wyrick et al., 2001; Raghuraman et al., 2001).

S. pombe ORIs require a minimum length of 0.5-1 kb and do
not have recognizable consensus elements. However, functional
dissection analyses have identified several A+T-rich elements
that frequently contain stretches of asymmetrical adenine or
thymine residues. The length and number of such stretches are
not conserved between different ORIs. Some of these elements
are individually or collectively required for ORI activity in plas-
mids and in the chromosome (Clyne & Kelly, 1995; Dubey et al.,
1996; Okuno et al., 1999; Takahashi et al., 2003). A key advance
in our understanding of how the ORC is targeted to ORIs in
S. pombe was the discovery of the unique structure of its Orc4
subunit (Chuang & Kelly, 1999). The amino terminus of the
SpOrc4 protein contains nine AT-hook domains that are essential
for ORC binding to ORIs in vitro and in vivo (Lee et al., 2001,
Kong & DePamphilis, 2002). These domains recognize the struc-
ture of A+T-rich stretches through the minor groove of DNA with-
out the requirement of a specific nucleotide sequence (Reeves &
Beckerbauer, 2001). We report here the identification of discrete
genomic regions up to 1 kb long that have a disctinctively high
A+T composition, of which approximately 90% colocalizes with
active ORIs. The properties of these A+T-rich islands may
account for the specific properties of S. pombe ORIs and provide
a frame of reference for future analyses of replication dynamics
in this yeast.

RESULTS

Identification of A+T-rich islands at ORIs in S. pombe

All DNA replication origins identified so far in S. pombe are located
in intergenic regions upstream from genes, although not all of
these regions are competent in initiating replication (Dubey et al.,
1994; Okuno et al., 1999; GOmez & Antequera, 1999). This
observation, together with the fact that the AT-hook domains at
the N terminus of the SpOrc4 protein are required for ORC bind-
ing to ORIs (Chuang & Kelly, 1999; Lee et al.,, 2001; Kong &
DePamphilis, 2002), raised the possibility that differences in the
A+T content might be a determinant of ORI activity. To test this
possibility, we compared base composition across 16 regions
containing active genomic ORIs previously identified in our lab-
oratory (GOmez & Antequera, 1999; Segurado et al., 2002) with
another 16 regions of similar length, which were also upstream
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from genes but devoid of ORI activity (table 1 of supplementary
information online). Given that the shortest DNA fragments
capable of conferring autonomous replication to plasmids in
S. pombe range between 0.5 kb and 1 kb (Maundrell et al., 1988;
Dubey et al., 1994; Clyne & Kelly, 1995), we determined base
composition using sliding windows of different sizes within this
interval. We found that the highest A+T content for each window
was significantly higher for ORI-containing regions than for
regions that replicated passively, and that the 32 regions
analysed could be classified in two distinct and non-overlapping
groups (Fig. 1A, see table 1 of supplementary information online
for the specific value for each window). These differences were
also evident when the A+T content was plotted across long
genomic regions containing ORIs such as ORI 12 and ORI tugl
(Fig. 1B; Gomez & Antequera, 1999; Segurado et al., 2002). On
the basis of these observations, we defined A+T-rich islands as
regions between 0.5 kb and 1 kb the A+T content of which was
equal or above the following values for every window size (500 bp:
75%; 600 bp: 74.5%; 700 bp: 74%; 800 bp: 73%; 900 bp:
72.5%; 1,000 bp: 72%). When a particular region fulfilled the
criterion for all window sizes except for one, a 0.5% reduction in
the A+T content for this particular size was allowed.

To assess further the association between A+T-rich islands and
ORIs, we tested whether another set of 14 ORIs identified by other
authors using various approaches would also colocalize with
them (green triangles in Fig. 2). Base composition analysis across
regions containing ars3001 at the rRNA gene cluster (Sanchez
et al., 1998), ars3003 and ars3002 (Dubey et al., 1994), and
ars2004 (Okuno et al., 1997, 1999) showed that this was indeed
the case for all of them. A+T-rich islands were also found to span
four ORIs in the K and L repeats of centromere Il (Smith et al.,
1995) and eight ARS (Maundrell et al., 1988), at least two of
which have been shown to act as chromosomal ORIs (Dalgaard &
Klar, 2001; Segurado et al., 2002; table 2 of supplementary infor-
mation online). Examples corresponding to ars3003, ars3002,
ars2004 and ars1 are shown in Fig. 1C. This figure also shows that
A+T-rich islands overlap with the shortest DNA fragments that are
capable of maintaining full ARS activity and include the replica-
tion initiation point (RIP) in ars2004 (Okuno et al., 1997) and ars1
(Gomez & Antequera, 1999). A+T-rich islands do not extend
across the entire intergenic regions, as illustrated by island 1003
(see below), which spans only a discrete fraction of the 5-kb-long
intergenic region between two divergent genes (Fig. 1C).

Genome-wide distribution of A+T-rich islands and ORIs

The fact that the 30 previously known ORIs (tables 1 and 2 of
supplementary information online) were associated with A+T-
rich islands raised the possibility that the genome-wide distribu-
tion of ORIs could be predicted by localizing the position of the
islands on the basis of their base composition. Therefore, we
used the Artemis and EMBOSS software packages (see Methods)
to search the S. pombe genome sequence for regions between
0.5 kb and 1 kb long the A+T content of which was higher than
the boundaries described above; we identified 384 that qualified
as A+T-rich islands. Their distribution along the three S. pombe
chromosomes is represented in Fig. 2, and their genomic local-
ization is indicated in table 3 of supplementary information
online. Their average genomic frequency was one every 33 kb
and, with no exceptions, they mapped at intergenic regions. A+T-rich
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Fig. 1| Identification of A+T-rich islands at origins of replication in
Schizosaccharomyces pombe. (A) The highest A+T content of 16 origins of
replication (ORI) regions and 16 non-ORI regions was determined using
sliding windows of 500-1,000 bp and a step of 1 bp. Their average content,
with standard deviation, is indicated. Broken lines indicate the total
genomic and intergenic A+T average content (64% and 70%, respectively).
(B) A+T content across 30 kb of cosmids SPAC1296 and SPBC32F12 with
ORI 12 and ORI tugl, measured with a 500-bp window and a step of 100 bp.
Black and white rectangles represent genes transcribed towards the left and
the right, respectively. Brackets indicate the position of restriction
fragments containing the ORIs. Broken lines indicate the intergenic average
A+T content. Scale bar, 5 kb. (C) A+T content across 6-kb-long regions
containing the autonomous replicating sequences ars3003, ars3002, ars2004
and ars1, and A+T-rich island 1003, measured as in B. Black bars indicate
the shortest DNA fragment capable of maintaining full ARS activity in each
case. RIP indicates the replication initiation point in ars1 and ars2004.
Rectangles represent genes, and arrows indicate the direction of
transcription. Scale bar, 1 kb.

islands were over-represented between divergent transcription
units (52% observed (O), 26.6% expected (E)) and under-represented
between collinear (37.7% O, 46.8% E) and convergent (10.3%
O, 26.6% E) transcription units. These percentages excluded the
25 A+T-rich islands clustered in the three centromeres. A similar
or even more pronounced bias was previously reported using a
smaller number of cases (Gomez & Antequera, 1999). This was
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Fig. 2 | Genome-wide distribution of A+T-rich islands. Vertical bars indicate the position of the A+T-rich islands across the Schizosaccharomyces pombe
chromosomes numbered using a four-digit code, starting with 1001, 2001 and 3001 for chromosomes I, Il and 111, respectively. The 16 DNA replication
origins (ORIs) used to define the properties of A+T-rich islands (Fig. 1A) are indicated by red triangles. The 14 ORIs and autonomous replicating sequence
(ARS) elements described by other authors (green triangles) and the 20 islands tested for replication in Fig. 3 (yellow triangles) are also indicated. Only one
replication origin at the rRNA cluster is shown (ars3001), which coincides with A+T-rich island 3001. Centromeres are represented by a black box, and the
A+T-rich islands included in them are labelled red. The mat locus in chromosome 11 is represented by a red box. The asterisk indicates the position of an

A+T-richisland in a region missing in the Sanger Centre sequence.

probably due to the relatively large size of the intergenic regions
analysed, which made it more likely that they would contain an
A+T-rich island. Divergent intergenic regions are longer than the
average intergenic distance in S. pombe (Wood et al., 2002), and
this fact, perhaps in combination with the proximity of two pro-
moters, could contribute to the over-representation of A+T-rich
islands in these regions.
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A+T-rich islands reliably predict the localization of ORIs

To evaluate the reliability of A+T-rich islands in predicting the local-
ization of ORIs, we selected 20 of them at random (yellow triangles
in Fig. 2) and monitored their replication pattern by neutral two-
dimensional gel electrophoresis (Brewer et al., 1988; Huberman,
1993). Figure 3A shows that 18 (90%) of the 20 islands tested colo-
calized with active ORIs, as shown by the presence of intermediates
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Fig. 3| A+T-rich islands reliably predict the localization of genomic replication origins. (A) Twenty A+T-rich islands (yellow triangles in Fig. 2) were tested for
replication by two-dimensional gel electrophoresis. Their identification number in the chromosomes is indicated. Intermediates containing replication bubbles
are shown by arrows. A white arrow indicates recombination intermediates. (B) Replication analysis of ten genomic regions (1-10) with an A+T content between

the intervals defined by the replication origin (ORI)- and non-ORI-containing regions in Fig. 1A.
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containing initiation bubbles. This predicts the existence of approxi-
mately 345 ORIs associated with A+T-rich islands in the entire
genome (in addition to those at the rRNA gene clusters). A spike of
recombination intermediates is present in regions containing a repli-
cation origin (white arrow in Fig. 3A) as we have previously
described (Segurado et al., 2002), although the hybridization signal
is very weak in a few cases. This could probably be improved by
using synchronous cultures (Segurado et al., 2002). It is also possible
that a small proportion of ORIs that could be active only under cer-
tain circumstances or at a certain genomic localization might not be
associated with recombination intermediates.

A conspicuous feature of the distribution of A+T-rich islands was
their high frequency in the three centromeres, the subtelomeric
regions of chromosomes | and I, and the mating-type locus (Fig. 2).
Four active ORIs were previously described in the K and L repeats of
centromere Il (Smith et al., 1995), which turned out to be coincident
with islands 2053, 2054, 2057 and 2058. We tested an additional
island in centromere Il (2055) and two more in the subtelomeric
region of chromosome | (1002 and 1003), and in all three cases, they
also colocalized with active ORIs. A lower ratio in the bubble to Y
arcs in these cases could be due to interference (Dubey et al., 1994),
given the high density of predicted ORIs in these regions (Fig. 3A).
Island 2068 is immediately adjacent to the mat1 gene and coincides
with the pARS756 sequence (Maundrell et al., 1988) and with an
active genomic ORI (Dalgaard & Klar, 2001). The 20-kb region
encompassing the mat2 and mat3 loci includes A+T-rich islands
2069, 2070 and 2071 plus another one in a 12-kb region missing
from the sequence available at the Sanger Centre but included in the
National Centre for Biotechnology Information database (labelled
with an asterisk in Fig. 2, and not included in table 3 of supplemen-
tary information online). Altogether, the average density of A+T-rich
islands and ORIs in centromeric, subtelomeric and mating-type
regions is about fourfold higher than the genome average.

Because we had defined the A+T-rich islands on the basis of a
statistical average, we wondered how strict the boundary was
that we had established—that is, how much lower the A+T con-
tent of an intergenic region could be relative to the lower limit
we have used to define the islands and still act as an ORI. We
addressed this by analysing the replication pattern of 18 promoter-
containing regions of comparable size to those shown in Fig. 3A
but with an A+T content in the 500 bp to 1 kb windows halfway
between the intervals defined by ORI and non-ORI regions in
Fig. 1A. Analysis of 1 Mb of each chromosome showed that there
is an average of 19 intergenic regions per megabase with this
base composition, which predicts a total of approximately 240 in
the entire genome. We tested 18 of these regions for replication
and found that three of them (16.6%) were associated with active
ORIs. Bubble arcs were not detected in the other 15, even in
overexposed autoradiographs (Fig. 3B and data not shown). The
implication is that there could be approximately 40 ORIs in addi-
tion to those located at A+T-rich islands, which represents
approximately 10% of all ORIs. This also indicates that a small
decrease in the A+T content relative to the criterion used
to define A+T-rich islands reduces dramatically (from 90% to
16.6%) the reliability in predicting ORIs. Regions with an even
lower A+T content probably contain very few ORIs, if any. This is
suggested by the fact that none of the 16 regions with an A+T
content close to the intergenic genomic average, was associated
with ORIs (Fig. 1A, white circles) and by the localization of all
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the previously identified ORIs with A+T-rich islands. Altogether,
our results indicate that A+T-rich islands are very reliable predic-
tors of ORIs in S. pombe and that the proportion of ORIs not
associated with them is likely to be small.

DISCUSSION
This work establishes A+T-rich islands as discrete genomic regions
that can account for the distinctive properties of the S. pombe ORIs.
Recent studies have suggested that several ORC binding sites are
collectively required for efficient ORI firing (Kong & DePamphilis,
2002; Takahashi et al., 2003). Cooperation between ORC complexes
to attain the critical concentration to trigger replication would
require a minimal length of A+T-rich DNA, which is consistent with
the size of the A+T-rich islands and with the 0.5-1 kb length of
S. pombe ORIs previously described. Cooperativity and a certain
degree of redundancy are also suggested by the fact that progressive
shortening of several ORI-containing regions results in a gradual
decline in replication efficiency, rather than in an all-or-none effect
(Dubey et al., 1994; Clyne & Kelly, 1995; Okuno et al., 1999).
Redundancy can also explain that removal of a 330-bp-long region
encompassing the replication initiation point in arsl in the chromo-
some diminishes, but does not prevent, ORI activity (Gémez &
Antequera, 1999). One of the best-characterized ORIs in S. pombe is
ars2004 (Okuno et al., 1997, 1999; Takahashi et al., 2003) in which
three specific regions have been shown to be collectively essential
for ORI activity in the chromosome (Takahashi et al., 2003). Region |
includes a tract of poly-adenine 19 bp long, and region Ill contains
11 repeats of the AAAAT sequence. These elements, however, are
not present in many other S. pombe ORIs, suggesting that, although
important for ars2004, they are not a general requirement. The lack
of conserved sequence elements between A+T-rich islands suggests
that the SpOrc4 protein can bind, via its AT-hooks, A+T-rich
sequences of different composition at different ORIs.

Our data predict the existence of approximately 385 ORIs in the
S. pombe genome, of which 345 would be located at A+T-rich islands
and another 40 at regions with a slightly lower A+T content (Fig. 3).
Although it is possible that there could be a few additional ORIs at
other genomic regions, our estimate is very close to the recent predic-
tion of approximately 400 ORIs in S. cerevisiae (Raghuraman et al.,
2001; Wyrick et al., 2001). However, no correlation between ORIs
and a distinctive base composition has been found in S. cerevisiae
(Raghuraman et al., 2001). The distribution of A+T-rich islands in
S. pombe is relatively homogeneous except at centromeres, subtelom-
eric regions and the mating-type locus, where the average frequency
of A+T-rich islands is one every 8 kb. A high density of ORIs has also
been found in many subtelomeric regions in S. cerevisiae (Wyrick
etal., 2001). This suggests a possible role for ORC (or for other compo-
nents of the replication initiation machinery) in establishing or main-
taining the chromatin organization and transcriptional silence in these
regions in S. pombe, as has been described in S. cerevisiae (Fox et al.,
1995; Palacios DeBeer et al., 2003) and Drosophila (Pak et al., 1997).
The chromoprotein Swi6 could be involved in this link given that it
binds to silent chromatin in centromeres, telomeres and the mating-
type locus and interacts directly with DNA polymerase-a (Ahmed
et al.,, 2001; Nakayama et al., 2001). S. pombe ORIs are similar to
those of mammalian cells in their lack of consensus sequences and in
their preference to localize in intergenic regions close to promoters. A
striking difference, however, is that many replication origins in mam-
mals are associated with G+C-rich islands (Delgado et al., 1998),
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which are regions with a G+C content that is higher than the genome
average. It is possible that replication initiation is associated with some
kind of genetic instability that, along the evolution of some organisms,
could have shifted the base composition of ORI regions in two
alternative directions to generate either G+C-rich or A+T-rich islands.

METHODS

Base composition analysis. This study was performed taking as a
reference the Sep-05-2002 version of the S. pombe genome
sequence available at the Sanger Centre. The telomeric repeats and
the 1.1 Mb rRNA gene clusters were not included in the analysis.
We scanned the entire sequence with the base composition tool of
the Artemis software package (http://www.sanger.ac.uk/Software/
Artemis) using windows of 500 bp to 1 kb and a step of 1 bp. The
regions that had an A+T content above the limits indicated in the
text were considered A+T-rich islands. Their position in the genome
is indicated in table 3 of supplementary information online. For the
analysis of specific regions (Fig. 1B,C), the corresponding
sequences were downloaded and scanned with the FREAK program
of the EMBOSS software package (http://www.emboss.org) using a
500 bp window and a step of 100 bp.

Culture conditions and two-dimensional gel electrophoresis analysis.
Cultures of S. pombe h-972 grown in rich medium were used for all
the experiments. DNA from 500 ml of an exponentially growing cul-
ture (A, = 0.8) was isolated and used for each gel as previously
described (Segurado et al., 2002). Replication intermediates were
separated by two-dimensional neutral gel electrophoresis under
conditions previously described (Brewer et al., 1988; Huberman,
1993). Specific genomic regions were selected for two-dimensional
gel electrophoresis according to the availability of restriction sites
that would give rise to a restriction fragment between 3 kb and 6 kb
long, which is the optimal size range required for this analysis. The
position of restriction fragments and probes used for the 38 regions
tested (Fig. 3) are available on request.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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